The development of computational fluid dynamics (CFD) methods for unsteady aerodynamic analysis is described. Special emphasis is placed on considerations that are required for application of the methods to unsteady aerodynamic flow problems. Two broad categories of topics are discussed including grid considerations and algorithm development considerations, and example calculations are presented to illustrate the major points. Although the primary application of these CFD methods is to relatively low-frequency oscillatory phenomena such as flutter, the ideas that are presented may be of value to developers of computational aeroacoustics methods for predicting high-frequency acoustics.
Introduction
Considerable progress in developing computational fluid dynamics (CFD) methods for aerodynamic analysis has been made over the past two decades (Jameson, 1987; Edwards and Thomas, 1987; and Edwards and Malone, 1991) . Although the vast majority of this work has been on the development of methods for steady-state aerodynamic applications, significant progress also has been made in developing CFD methods for unsteady aerodynamic and aeroelastic applications (Edwards and Thomas, 1987; and Edwards and Malone, 1991) . This latter work has been focused primarily on potential flow methods (Edwards, 1986) , either at the transonic small-disturbance (TSD) or full-potential equation levels, although research is concentrated currently on developing advanced codes for numerical solution of the Euler or Navier-Stokes equations (Edwards and Malone, 1991) .
The development of methods for unsteady applications generally has lagged the development of steady methods, primarily because of additional complicating considerations that arise for unsteady applications. Therefore, the purpose of the paper is to describe the de-374 velopment of CFD methods for unsteady aerodynamic analysis with special emphasis on the considerations that are required because of the unsteady application of the methods. These considerations may be divided into two broad categories including grid considerations and algorithm development considerations. In the category of grid considerations, the paper discusses (1) the type of grid, (2) generation details, (3) boundary treatment, and (4) mesh movement. In the category of algorithm development, the paper describes (1) spatial discretizations, (2) temporal discretizations, and (3) adaption techniques. Also, although the primary application of the unsteady aerodynamic methods described herein is to relatively low-frequency oscillatory phenomena such as flutter, the ideas that are presented may be of value to developers of computational aeroacoustics (CAA) methods for predicting high-frequency acoustics.
Grid Considerations

Type of grid
The first topic in the category of grid considerations is whether a structured or unstructured grid is used (Batina, 1989a) . Generally, either type of mesh topology is applicable to steady or unsteady problems, and the use of each has advantages and disadvantages. The majority of work that has been done in CFD over the years has been on developing methods for use on computational grids that have an underlying geometrical structure and thus are referred to as "structured" grids. For example, Fig. 1 shows a structured grid for the NACA 0012 airfoil. The grid is of C-type topology, has 159 points in the wraparound direction, and 49 points in the outward direction. Unsteady applications of methods developed for structured grids generally have been limited to relatively simple geometries such as airfoils, wings, and wing-body configurations (Edwards and Malone, 1991) . Extensions to more complex configurations often require more sophisticated meshing methodologies such as blocked, patched, chimera, or hybrid type grids. These extensions, in turn, significantly complicate the solution algorithms. Other difficulties arise in moving the grid for unsteady or aeroelastic motion where the grid must conform to the instantaneous shape of the geometry being considered.
An alternative approach is the use of unstructured grids (Batina et al., 1991) . In two dimensions, these grids are constructed from triangles, and in three dimensions, they consist of an assemblage of
